
Journal of Volcanology and Geothermal Research 320 (2016) 156–171

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

j ourna l homepage: www.e lsev ie r .com/ locate / jvo lgeores
Sloshing of a bubbly magma reservoir as a mechanism of
triggered eruptions
Atsuko Namiki a,⁎, Eleonora Rivalta b, Heiko Woith b, Thomas R. Walter b

a Environmental Sciences, Graduate School of Integrated Arts and Sciences, Hiroshima University, 1-7-1, Kagamiyama, Higashi Hiroshima, Hiroshima 739-8521, Japan
b Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany
⁎ Corresponding author.
E-mail address: namiki@hiroshima-u.ac.jp (A. Namiki

http://dx.doi.org/10.1016/j.jvolgeores.2016.03.010
0377-0273/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 October 2015
Revised 9 March 2016
Accepted 12 March 2016
Available online 13 April 2016
Large earthquakes sometimes activate volcanoes both in the near field as well as in the far field. One possible ex-
planation is that shaking may increase the mobility of the volcanic gases stored in magma reservoirs and con-
duits. Here experimentally and theoretically we investigate how sloshing, the oscillatory motion of fluids
contained in a shaking tank, may affect the presence and stability of bubbles and foams, with important implica-
tions for magma conduits and reservoirs. We adopt this concept from engineering: severe earthquakes are
known to induce sloshing and damage petroleum tanks. Sloshing occurs in a partially filled tank or a fully filled
tank with density-stratified fluids. These conditions are met at open summit conduits or at sealed magma reser-
voirs where a bubblymagma layer overlays a newly injected densermagma layer.We conducted sloshing exper-
iments by shaking a rectangular tank partially filled with liquids, bubbly fluids (foams) and fully filled with
density-stratified fluids; i.e., a foam layer overlying a liquid layer. In experiments with foams, we find that
foam collapse occurs for oscillations near the resonance frequency of the fluid layer. Low viscosity and large bub-
ble size favor foam collapse during sloshing. In the layered case, the collapsed foam mixes with the underlying
liquid layer. Based on scaling considerations, we constrain the conditions for the occurrence of foam collapse
in natural magma reservoirs. We find that seismic waves with lower frequencies b1 Hz, usually excited by
large earthquakes, can resonate with magma reservoirs whose width is N0.5 m. Strong ground motion
N0.1 m s−1 can excite sloshing with sufficient amplitude to collapse a magma foam in an open conduit or a
foam overlying basalticmagma in a closedmagma reservoir. The gas released from the collapsed foammay infil-
trate the rock or diffuse through pores, enhancing heat transfer, or may generate a gas slug to cause a magmatic
eruption. The overturn in the magma reservoir provides new nucleation sites which may help to prepare a fol-
lowing/delayed eruption. Mt. Fuji erupted 49 days after the large Hoei earthquake (1707) both dacitic and basal-
tic magmas. The eruption might have been triggered by magma mixing through sloshing.
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Fig. 1.A schematic diagram of the experimental apparatus. A fluid tankwithwidth l above
a shaking table is horizontally oscillated with a time (t) dependent displacement of
Asin(ωt). Oscillations generate the surface undulation ζ. We call ζas sway amplitude.
1. Introduction

An increasing number of observations have shown that volcanic
eruptions can be triggered by earthquakes (e.g., Yokoyama, 1971;
Nakamura, 1975; Linde and Sacks, 1998; Hill et al., 2002; Manga and
Brodsky, 2006; Walter and Amelung, 2007; Eggert and Walter, 2009;
Watt et al., 2009). Earthquakesmay also triggermilder types of volcanic
activity, for example theymay enhance the heat flux at active volcanoes
(Harris and Ripepe, 2007; Donne et al., 2010), increase the seismicity
rate in geothermal or volcanic areas (e.g., Hill et al., 1993; Linde et al.,
1994; Brodsky and Prejean, 2005;West et al., 2005), reduce the seismic
velocity of crustal rocks (Battaglia et al., 2012; Brenguier et al., 2014), or
cause unusual degassing (Cigolini et al., 2007;Walter et al., 2009). After
the 2011 Tohoku-OkiMw=9.0 earthquake, triggered earthquakes, sud-
den changes of seismicity rate and subsidence were observed in volca-
nic areas throughout Japan (Yukutake et al., 2011; Fujita et al., 2013;
Takada and Fukushima, 2013).

Earthquakes activate volcanoes through static and dynamic stress
variations (e.g., Marzocchi et al., 2002; Manga and Brodsky, 2006;
Walter, 2007). Static stress changes due to earthquakes cause the
permanent displacement of faults. Static stress changes decay rapidly
as r-3 with the distance from the hypocenter, r, (Hill and Prejean,
2007). Stress changes may involve volumetric expansions (Walter and
Amelung, 2007; Watt et al., 2009), decompressing magma reservoirs
and conduits, which in turn encourages bubble nucleation and growth,
potentially leading to eruptions. Static stress changes last long-term and
may explain time-delayed triggering of volcanic activity at a regional
distance (Marzocchi, 2002; Watt et al., 2009; Chesley et al., 2012;
Bonali, 2013; Bonali et al., 2013), and may even control the locations
of magma rise by pressure localization (Nostro et al., 1998; Walter and
Amelung, 2006).

Dynamic stress changes are originated by seismic waves and can
affect volcanoes at greater distances, as they decay as r-2 or r-3/2 for
body or surface waves, respectively (Hill and Prejean, 2007). Large
earthquakes are usually originated by the rupture of long faults, thus
the seismic waves include long-periodic components. Long-period
ground motion attenuates slowly with distance, potentially affecting
widespread areas (Koketsu and Miyake, 2008). Low frequency waves
are more effective at triggering than short-period waves of comparable
amplitude (Brodsky and Prejean, 2005).

Based on increasing evidence of volcanic unrest triggered by distant
earthquakes (e.g., Linde and Sacks, 1998; Cannata et al., 2010), several
mechanisms have been proposed (e.g., Hill et al., 2002). Seismicity
may favor gas bubble nucleation and growth inmagmas, as experimen-
tally shown for ground water (Crews and Cooper, 2014). Dynamic
stressing may change permeability and pore pressure, which can en-
hance ground water mobility (e.g., Woith et al., 2003; Elkhoury et al.,
2006; Manga et al., 2012; Candela et al., 2014; Hurwitz et al., 2014).
Shear deformation by seismic wavesmay induce liquefaction of crystal-
line mush (Sumita and Manga, 2008). Ascending bubbles over a long
distance in a sealed magma reservoir may increase reservoir pressure
(e.g., Steinberg et al., 1989; Sahagian and Proussevitch, 1992; Pyle and
Pyle, 1995). Earthquakes seem advancing the occurrence of eruptions
of volcanoes which are ready to erupt (Bebbington and Marzocchi,
2011).

Here, we propose that oscillation of magma contained in conduits or
reservoirs may be another potential mechanism to trigger a volcanic
eruption. This mechanism is adopted from engineering sciences,
where petroleum tanksmay be damaged bymass oscillations of the liq-
uid inside the tank, a mechanism known as sloshing (e.g., Ohta and
Zama, 2005; Hatayama, 2008; Faltinsen and Timokha, 2009). Sloshing
has been studied mainly to prevent damage on liquid tanks mounted
on moving vehicles (e.g., Housner, 1957, 1963; Faltinsen and Timokha,
2009; Rebouillat and Liksonov, 2010), but similarly applies also to
earthquakes (e.g., (Ohta and Zama, 2005)). In volcanic systems, sloshing
in the Overlook crater lava lake at Kilauea excited by rockfalls has been
observed by visual and seismic records (Dawson and Chouet, 2014).
Transient outgassing bursts and weak explosive eruptions have also
been observed after the rockfall events (Carey et al., 2013; Orr et al.,
2013).

In general, sloshing occurs in a partially filled tank, because the fluid
needs free space to move (e.g., Popov et al., 1992; Winkler, 2000;
Romero et al., 2006; Thiagarajan et al., 2011). Thus, this mechanism is
directly applicable to open conduit volcanic systems or a lava lake. If a
magma reservoir has a layered structure, however, we hypothesize



Table 1
Notations.

Parameter Unit Description

A m Amplitude of the horizontal displacement of the tank
c m s−1 Wave propagation velocity
f Hz Frequency
fr Hz Resonance frequency defined in Eq. (2)
Fi N Inertia force acting on a bubble defined in Eq. (7)
Fv N Viscous force acting on a bubble membrane defined in Eq. (8)
g m s−2 Gravitational acceleration
h m Thickness of the liquid layer
hf m Thickness of the foam layer
k rad m−1 Wave number
l m Width of the tank
M kg Mass of the shaking fluid
n – Positive integer
R m Bubble radius
t s Time
vg m s−1 Ground velocity
δ m Thickness of bubble membrane defined in Eq. (9)
η Pa s Viscosity
ηf Pa s Liquid viscosity of foam
λ m Wavelength
ω rad s−1 Angular frequency
ϕb – Volume fraction of bubble
ϕp – Volume fraction of particles
ρ kg m−3 Density of liquid
ρ⁎ kg m−3 Effective density determining ζ used in Eq. (5)
ζ m Amplitude of free surface wave (sway amplitude)
ζ/hf – Strain of the foam layer

158 A. Namiki et al. / Journal of Volcanology and Geothermal Research 320 (2016) 156–171
that one layer can behave as a relatively mobile space when the density
and compressibility contrasts between the two layers are sufficiently
large. A foam layer overlying a dense melt layer in a closed magma res-
ervoir meets this condition. If sloshing occurs inside a magma reservoir,
the surface (interface) of themagma(s) will be strained. The bubbles in
the flowing magma may become interconnected so that the gas inside
the bubbles can separate from the surrounding melt and escape as
volcanic gases or large bubbles (Namiki, 2012; Okumura et al., 2013).
Furthermore, magma deformation by sloshing may cause magma
mixing through overturn, recognized as an important process to trigger
eruptions (e.g., Sparks et al., 1977; Pallister et al., 1992; Viccaro et al.,
2006). Here, oscillation of a layered system made of a low viscosity
foam and a liquid layer has been investigated, in which an overlying
foam layer does not significantly affect the resonance frequency of the
lower liquid layer during oscillations, but reduces the amplitude of the
interface (Bronfort and Caps, 2012; Sauret et al., 2015). However, it is
still unknown how sloshing deforms bubbles in a viscous foam layer,
which in turn affects the gas separation from the surrounding liquid.

In this paper, we present laboratory simulations in order to better
understand the sloshing of a magma reservoir. We shake a fluid-filled
tank horizontally by using a shaking table. We vary the oscillation pa-
rameters (amplitude of horizontal displacement A and frequency f)
and the fluid properties inside the tank (one and two layer fluids with
varying thickness ratio, viscosity, bubble volume fraction, and solid par-
ticle fraction). Our experiments show that, under certain conditions, the
bubbles inside the oscillating tank collapse and the fluids overturn. After
describing our observations, we present an analytical model character-
izing the foam collapse conditions, and apply our scaling to find param-
eter ranges of foam collapse in geologic situations. At the end, we
discuss the 1707 eruption of Mt. Fuji as a potential application of the
sloshing model.
2. Sloshing terminology and parameters

We simulate the oscillation of a magma reservoir (magma chamber
or volcanic conduit) by shaking a tank filled with viscous fluids on a
shaking table (Fig. 1).When the tank undergoes externally forced oscil-
lations, the fluid inside the tank moves. In the following, we call this
fluid motion “sway” which has same meaning of “slosh”. We thus call
the amplitude of the surface undulation as “sway amplitude (ξ)” instead
of “slosh amplitude” to avoid confusion with amplitude of horizontal
displacement (A). Notations are summarized in Table 1.

Housner (1957, 1963) summarized the analytical approaches of
sloshing by assessing the balance of forces. If a massM is located inside
an oscillating tank undergoing a displacement of Asin(ωt), the force act-
ing on themass is -MAω2sin(ωt), whereω=2πf is the angular frequen-
cy, and t is the time. In a two dimensional tankwith a fluid thickness h, if
a wave forms on the fluid surface with a wave length of λ, the mass of
the fluid in the wave becomes M~ρλh. We thus approximate the max-
imum force acting on a fluid parcel as ρλhAω2 (Fig. 1).

The dispersion law of an inviscid fluid inside an oscillating rectangu-
lar tank with small sway amplitude is obtained by assuming the poten-
tial flow (e.g., Faltinsen and Timokha, 2009),

∂h
∂t −

g0

3v tð Þ
1
r
∂
∂r rh3

∂h
∂r

� �
¼ 0 ð1Þ

where k=2π/λ is thewave number and n=1,2,…Wenote that Eq. (1)
is based on a linear approximation for small amplitude and an inviscid
fluid. However, it is empirically known that Eq. (1) frequently explains
experiments with large sway amplitudes and viscous fluids
(e.g., Faltinsen and Timokha, 2009; Sauret et al., 2015). We also verify
its validity in our experiments. We thus use this dispersion law.

When the frequency of the tank oscillation overlapswith the natural
modes of the fluid inside the tank, the fluid motion resonates. Swaying
excites standing waves and amplifies the fluid surface. Eq. (1) indicates
that the natural modes for the sway depend mainly on the tank shape
and the liquid thickness (e.g., Faltinsen and Timokha, 2009).

Here, we consider a fundamental mode of sloshing in which λ/2~ l,
where l is the width of the tank, and calculate resonance frequency as

f r ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πg
l

tanh
πh
l

� �s
: ð2Þ

In Eq. (2), when the fluid layer is sufficiently thin (h≪ l),
tanh(πh/l)~πh/l so that the resonance frequency depends on fluid
thickness as f r �

ffiffiffiffiffiffi
gh

p
=ð2lÞ . On the other hand, for a thick fluid

layer (h≫ l), tanh(πh/l)~1, so that the resonance frequency is de-
termined by the width of the tank only, f r � 1=ð2πÞ

ffiffiffiffiffiffiffiffiffiffi
πg=l

p
.

Similarly, the wave propagation velocity, c=ω/k, depends on the
fluid layer thickness. For a sufficiently thin layer, h≪λ,

c ¼
ffiffiffiffiffiffi
gh

p
: ð3Þ

Contrary, when the liquid layer is sufficiently thick, h≫λ,

c ¼
ffiffiffi
g
k

r
: ð4Þ

In most of our experiments, the fluid fills more than half of the tank
width (hN l/2), so that the resonance frequency becomes frN1.73 Hz,
resulting in resonance frequencies around fr~1.8 Hz, and that for
mode 2, f~2.5 Hz.

3. Methods

3.1. The shaking apparatus

Weuse a shaking table (GeoSIG GSK-166) at GFZ Potsdam to impose
horizontal oscillations on our fluid tank with a displacement Asin(ωt)
(Fig. 1). The displacement amplitude A and the angular frequency ω
are changed independently. For a fixed value of displacement amplitude
A, we increase ω step by step, then increase A and conduct the



Table 2
Experimental conditions for all experiments. Table 2b indicates the symbol colors in Figures.

a: Experimental conditions

Type Lower layer
viscosity, η

Upper layer
viscosity, ηf

The lower layer
thickness, h

The upper layer
thickness, hf

Frequency,
f

Amplitude,
A

ϕb
⁎ ϕp

⁎⁎

Pa s Pa s m m Hz mm – –

Liquid one layer (×) 0.1–14 – 0.015–0.24 – 0.2–6 3–140 – –

Bubbly one layer (○) 1–90 – 0.056–0.24 – 0.2–10 1–140 0.16–0.77 –

Bubble + particle, one layer ( ) 1–10 – 0.07–0.24 – 0.5–9 3–30 0.7–0.82 0.23–0.24
Bubble and liquid, two layers (△) 1–10 1–10 0.015–0.2 0–0.17 0.2–10 1–140 0.42–0.95 –

Bubble + particle and liquid, two layers (☆) 1 10–90 0.08–0.17 0.01–0.16 0.2–6 3–140 0.74–0.81 0.24–0.31

b: Color of symbols

Liquid viscosity 0.1 1 6 10 14 90
Color Light blue Green Blue Red Pink Black

⁎:ϕb=Volumebubble/Volumetotal.
⁎⁎:ϕp=Volumepaticle/(Volumeliquid+Volumeparticle).

159A. Namiki et al. / Journal of Volcanology and Geothermal Research 320 (2016) 156–171
experiments with the same sequence of frequencies. Our experiments
are conducted close to the upper-limit loading of the shaking table
Aω2b1 g, where g=9.8 m s-2. As a result, we cannot explore cases
where both amplitude and frequency of shaking are large,
simultaneously.

During the shaking, we measure acceleration rates and find that
Aω2 represents the maximum measured acceleration rate (the
detailed waveform of acceleration depends on the location of the
sensor). We thus use the theoretically calculated acceleration rate to
interpret our experiments and do not further discuss the detailed
waveform.

The sway of thefluids in the tank ismonitored bymeans of two cam-
eras. One is a high speed camera (CASIO EXILIM EX-ZR700) with a
Table 3
Experimental conditions for specific experiments.

a: Experiments with one layer

Characteristics Frequency, f Amplitude, A Liquid thickn

Hz mm m

Figs. 3/4 Liquid 1,2,6 5, 30, 140 0.15
Fig. 4 Thin 2 30 0.015
Fig. 4 Thick 2 30 0.24
Fig. 4 Less viscous 2 30 0.13
Fig. 4 Viscous 2 30 0.13

b: Experiments with a foam layer

Characteristics Frequency, f Amplitude, A Thickness, h Liquid viscosit

Hz mm m Pa s

Fig. 5 Foam + p 2,2.7,3 10,20,30 0.21 1
No figure Foam + p 0.5–6 3–30 0.08, 0.17 10
No figure Foam + p 0.5–6 3–140 0.24 10
No figure Foam 0.5–3 1–100 0.24 1, 90
No figure Foam 0.2–2.8 30–140 0.061 10

c: Experiments with two layers

Characteristics Frequency,
f

Amplitude,
A

Lower layer
thickness, h

Foam
thickness, hf

Hz mm m m

Fig. 6 Foam + p 0.5–6 3, 10, 20 0.17 0.07
Fig. 6 Liquid 0.5–6 3, 10, 20 0.17 –

No figure Foam 0.5–1.9 3,140 0.03 0.15
No figure Foam 0.5–2.7 30 0.17 0.07
No figure Foam 0.5–2.7 30 0.17 0.07
No figure Foam 0.5–10 1–140 0.015 0.06, 0.11
No figure Foam 0.5–2.7 30,140 0.07 0.17
No figure Foam 0.2–6 3,10,20,30,140 0.16 0.08
No figure Foam + p 0.5–2.7 3,20,30,140 0.08 0.16
resolution of 512×384 at 240 frames per second (fps). This camera is
fixed to the shaking table. The other is high vision digital video camera
(SONY HDR-XR150) with a resolution of 1920×1080 at 30 fps, fixed to
the ground.

3.2. The magma and magma reservoir analog

We use glucose syrup solutions as a magma analog. By varying
the water content of the syrup solution, we change its viscosity
from 0.1 Pa s to 90 Pa s, which overlaps with the viscosity of basaltic
melt and sub-solidus basaltic magma with low crystal fraction, in
the range 1-104 Pa s (e.g., Ishibashi, 2009; Vona et al., 2011; Lev et al.,
2012). The surface tension of syrup solutions is estimated as similar
ess, h Liquid viscosity, η Resonance frequency, fr Liquid density, ρ

Pa s Hz kg/m3

1 1.8 1361
1 0.8 1361
1 1.8 1361
0.1 1.7 1300

14 1.7 1390

y, ηf Resonance frequency, fr Bubble diameter, 2R ϕb ϕp Collapse

Hz mm – –

1.8 3 0.79 0.23 Yes
1.6–1.8 5.0 0.78 0.24 Little
1.8 5.0 0.82 0.24 No
1.8 0.5 0.63–0.77 – No
1.5 0.5 0.16 – No

Lower layer
viscosity, η

Liquid viscosity
in foam, ηf

Resonance
frequency, fr

Bubble
diameter, 2R

ϕb ϕp Collapse

Pa s Pa s Hz mm – –

1 10 1.8 10 0.81 0.31 Yes
1 – 1.8 – – 0.03 –

1 1 1.1 10 0.84 – Yes
1 1 1.8 5 0.88 – Yes
1 10 1.8 3 0.72 – Yes

10 10 0.8 2 0.68 – Little
1 1 1.5 0.5 0.42 – Little
6 6 1.8 1 0.58 – Little
1 90 1.6 0.5 0.74 0.24 No



Fig. 2. Experimental conditions. (a) Imposed frequencies and fluid layer thickness for one-layer experiments and lower layer thickness for two layer experiments. Different symbols
indicate the fluid layer types, cross is liquid one layer, circle is one layer of foam without particles, diamond is one layer of foam with particles, triangle is a foam layer without
particles overlies a liquid layer, and star is a foam layer with particles overlies a liquid layer. The color of the symbols represents the liquid viscosity. For two layer experiments, the
color of the symbols represent the viscosity of lower layer (Table 2b). Symbol size is proportional to the amplitude of the imposed displacement; smaller symbols indicate the smaller
A. (b) Foam conditions. X-axis indicates the liquid viscosity of the foam and Y-axis indicates the volume fraction of bubbles in the foam. Color and shape of symbol are the same as
those for (a). Size of symbol indicates the bubble size in the foam; larger symbols indicate larger bubbles. Filled symbols indicate that the foam volume decreases after shaking.
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to that of water, 0.07 N m−1, and similar to those of silicate melt 0.01–
0.1Nm−1 (e.g., Bagdassarov et al., 2000;Mangan and Sisson, 2005). The
density of the bubble-free syrup is approximately ρ=1400 kg m-3.

We introduce bubbles in the syrup by a chemical reaction of baking
soda and citric acid, following Namiki (2012). The bubble volume frac-
tion, ϕb, defined as the ratio of the total volume of bubbles to the total
volume of the bubbly fluid, is controlled by the amount of chemicals
and varied in the range of 0≤ϕb≤0.95. The bubble radius varies with
aging within 0.2≤R≤5 mm. We do not include volatile exsolution in
our experiments during sloshing because of technical difficulties, but
discuss briefly its role in the implication section.
Fig. 3. Digital photographs of a liquid layer in a sinusoidally oscillating tank A sin(2πft)
with various displacement amplitudes, A and frequencies, f. Photographs are taken after
10 s of oscillation and when the left side surface becomes maximum height. Green
region is the liquid with viscosity of 1 Pa s whose initial thickness is 0.15 m. The
resonance frequency calculated by Eq. (2) is fr=1.8 Hz. Images are taken by a video
camera off the shaking table with a speed of 30 fps.
As an analog of crystals in magma, we introduce plastic particles
with irregular shapes. The density of particles is 1500 kg m−3, and
their size is 0.4–0.6 mm. The volume fraction of particles, ϕp, defined
as the ratio between volumes of particles and bubble-free liquid,
which is consistent with the definition used for crystallinity of pumice
and scoria, varied in the range of 0≤ϕp≤0.31.

Wemodel rigid-wall magma reservoirs by a sealed acrylic tank with
a rectangular shapewhose dimensions of height,width, and breadth are
0.24, 0.24, and 0.09 m, respectively (Fig. 1). The tank is sealed with a lid
and experiments with different filling level can simulate the different
geometries; i.e., the partially filled tank simulates open conduits and
the fully filled tank corresponds to closed-conduit or reservoirs. The
tank is filled with one or two layers of fluids.
Fig. 4. Same as Fig. 3 but showing the dependence on the liquid viscosity and thickness of
the liquid layer at A=30 mm and f=2 Hz. Experimental conditions are summarized in
Table 3. The resonance frequency of this tank calculated by Eq. (2) for the thin layer
experiment is 0.8 Hz, and fr=1.7-1.8 Hz for other experiments. In the thin liquid layer
experiment, right side of the image is behind of camera on the shaking table. The liquid
with different viscosity is dyed with different colors for visualization.
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We vary the thickness of the fluid layers (h), the liquid viscosity (η),
and the bubble (ϕb) and particle volume fractions (ϕp). The experimen-
tal conditions are classified into 3 groups:

1. One liquid layer (later labeled with the symbol ×),

2. One foam layer without particles (○) and with particles (◊),
3. A two-layer system where a foam without particles overlies a liquid

layer (Δ) and a foam with particles overlies a liquid layer (★).

We also vary the oscillation properties of horizontal displacement
(A) and frequency (f). In total, we shake the tank under 1167 different
conditions. Shaking duration is 10 s under each condition in most of ex-
periments. The experimental conditions are summarized in Tables 2, 3
and in Fig. 2.
4. Description of experiments

4.1. Experiments with one liquid layer

In this sectionwe describe the basic behavior of sloshing by showing
the one liquid layer experiments (Figs. 3, 4, and Supplementary video 1,
2), which are consistent with previous works (e.g., Faltinsen and
Timokha, 2009). We varied the liquid viscosity (0.1–14 Pa s), the
liquid layer thickness (0.015–0.24 m), the frequency (0.2–6 Hz),
and the amplitude of the horizontal displacement (3–140 mm), see
Table 3a.
Fig. 5. (a) Same as Fig. 3 but for a foam layer with particles in the sinusoidally oscillating
tank with various displacement amplitudes, A and frequencies, f. Dark region is the foam
whose liquid viscosity is 1 Pa s and initial thickness is 0.21 m. Experiments are
performed in the order of increasing frequencies f = 0.7, 0.8, 0.9, 1 1.2, 1.5, 2, 2.5, 3 Hz
for A=10 mm, at the same set of frequencies for A=20 mm, and then 0.5≤A≤2.7 Hz
with increment of 0.1 Hz for A=30 mm. The resonance frequency of this foam layer
calculated by Eq. (2) is fr=1.8 Hz. (b) Time evolution of the surface height within the
range of white lines in (a) for the experiments with A=30 mm and a time span of
4.3 min. Time increases to the right. X-axis labels indicate imposed frequencies.
Oscillation is imposed during 10 s at each frequency. Vertical lines indicate the quiescent
time. The vertical fluctuations include both spatial and temporal changes, because the
original images for this picture are taken from a fixed camera on the ground.
4.1.1. Responses to displacement amplitudes and frequencies
Fig. 3 shows the response of the liquid layer to different displace-

ment amplitudes and frequencies. During the shaking, the surface
of the liquid layer sways; i.e., a surface wave appears. As the
shaking proceeds, the swaying amplitude increases and reaches a
steady-statewithin 2–3 oscillations. In Figs. 3 and 4, we show the undu-
lation of the liquid surface when the surface undulation becomes the
maximum at the left side, after the swaying has reached the steady-
state.

The swaying amplitude under steady-state increases with the tank
oscillation frequency, f, and displacement amplitude, A (Fig. 3). Howev-
er, we observe that after increasing the oscillation frequency to a value
as high as 6 Hz with A = 5 mm, the amplitude and the wave length of
the sway become smaller again. This occurs because the imposed fre-
quency is much larger than the resonance frequency of the tank fluid
at the fundamental mode, fr=1.8 Hz. The frequency of 6 Hz is close to
the higher mode of n=11, according to Eq. (1).
4.1.2. Thickness effect
The vertical column in Fig. 4 shows that the behavior of the liquid

layer in an oscillating tank strongly depends on the thickness of the liq-
uid layer (h). When h is small, the swaying amplitude is also small
(Fig. 4, bottom). We observe the same phenomena in the range of fre-
quency of 0.5–2 Hz.

When a sealed tank is almost full of fluid, the sway amplitude is neg-
ligible as shown by two small bubbles located at the top of the tank
surrounded by the blue circle. Those change their shapes but do not mi-
grate (Fig. 4, top). The figure also illustrates heterogeneously dispersed
particles in the tank that do not get rearranged. This is because fluids
need a free space to originate sloshing (e.g., Popov et al., 1992;
Winkler, 2000; Romero et al., 2006; Thiagarajan et al., 2011).
Fig. 6. (a) Same as Fig. 5a but for a two-layer system. Experimental conditions are
summarized in Table 3c. We first shake two layers: an upper foam layer with particles
and a lower liquid layer (a1–a4, b1). After the collapse of the upper foam, we shake the
tank again with the same set of amplitude and frequency oscillations (a5–a8,b2). The
reddish violet region is the foam whose liquid viscosity is 10 Pa s and initial thickness is
0.07 m. The green region indicates the liquid layer whose viscosity is 1 Pa s and initial
thickness is 0.17 m. Amplitude and frequency of oscillation are changed as labeled in
(b). The resonance frequency of the lower liquid layer calculated by Eq. (2) is fr=1.8 Hz.
(b) Same as Fig. 5b but for Fig. 6a: time evolution of the horizontally averaged interface
within the range of white lines in (a) for a time span of 6.6 min. (b1) shows the collapse
of the foam by shaking and (b2) shows the oscillations of the liquid layer after the
collapse of the upper foam layer.



Fig. 7. Flow velocity of Fig. 6a1–a8 calculated by the image correlationmethod. Images are taken from the camera on the shaking table at low angle with a frame rate of 240 per second, so
that the downward interface between the liquid/foam or liquid/air is observed as shown in the original images at the left. White boxes on the images show the region inwhich velocity is
calculated. Arrows indicate the flow direction and color shows the velocity. The calculated slow velocity in gray region sometimes does not show the real flow velocity (see text). The
intensity difference in gray region indicates the original still images. The interface between the foam and liquid layer is traced manually for reference but it has width as shown in the
original images at the left.
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4.1.3. Viscosity effect
The horizontal row in Fig. 4 shows the viscosity dependence. The

swaying amplitude of the fluid surface becomes small for larger fluid
viscosities (Fig. 4, right). In contrast when the viscosity is low enough,
the surface wave breaks (Fig. 4, left).

4.2. Experiments with one foam layer

In the one foam layer experiments, we vary the foam parameters,
i.e., layer thickness, bubble volume fraction and liquid viscosity, in addi-
tion to the oscillation parameters, i.e., displacement amplitude A and
frequency f (see Table 3b). We observe foam collapse in experiments
with a high bubble volume fraction (ϕb=0.79) oscillating with a large
displacement amplitude (A≥20 mm) and frequency range of
2b fb3 Hz (Fig. 5) which is close to the resonance frequency f~ fr.

Fig. 5 and Supplementary video 3 summarize the sequence of exper-
iments in which foam collapse is observed. Fig. 5a shows that the re-
sponse of the foam layer (ϕb=0.79) depends on A and f. With A=
10 mm, the surface fluctuations are very small for f=2 Hz and still
small for f=3 Hz (Fig. 5a, left column). However, A=20 mm and f=
3 Hz lead to a foam collapse (Fig. 5a, middle column). After oscillating
with a larger amplitude of A=30 mm, the foam volume reduces to
less than half of the initial value (Fig. 5a, right column). Fig. 5b is a
time evolution of foam height, and shows that, when the imposed fre-
quency exceeds the resonance frequency of fr=1.8, the foamheight be-
gins decreasing.

Other experiments show the conditions preventing foam collapse
(Table 3b). When a sealed tank is full (h=0.24 m), the oscillation
does not affect the foam. This is consistent with the experiments with
a full tank of liquid (Fig. 4). When the liquid viscosity is large, the
foam volume decreases less than in experiments with a less viscous liq-
uid (Fig. 5). A foam layer with small bubbles and with a lower bubble
volume fraction does not collapse. We thus infer that a smaller bubble
size, lower bubble fraction, and larger viscosity also prevent foam col-
lapse. The effect of the particles is unclear.

4.3. Experiments with two layers

4.3.1. Foam collapse
The experiments described above show that fluids in a fully filled

tank do not move and that in such cases the foam does not collapse.
Yet, if there exists a layered structure defined by density contrast in
the tank, the interface between the liquid and the foam layer can
slosh. This is what we observed in a series of experiments with foams
overlying liquid layers (Table 3c).

An example is shown in Fig. 6a1–a4 and Supplementary video 4, in
which the displacement amplitudes and frequencies are increased in a
stepwise fashion similar to the experiments with one foam layer
(Fig. 5). The sway amplitudes increase for larger displacement ampli-
tudes and frequencies around f~ fr. This is consistent with the one liquid
layer experiments (Fig. 3). For instance, the deformation of the interface
is small at the displacement amplitude of A=3 mm and 10 mm
(Fig. 6a1,2), but becomes large at A=20 mm for the same frequency
of f=2 Hz, resulting in the collapse of most of the foam (Fig. 6a3). For
f=3 Hz, the remnants of the foam, including small bubbles and parti-
cles, mix with the liquid in the lower layer. The remnants of the foam
can be recognized as dark regions in the pictures (Fig. 6a4). Some
parts of the remnants stick against the tank wall.

The sequence of the foam collapse is observed in Fig. 6b1. The bright
region in the foam indicates that the foam has collapsed in that region.
The foam collapse begins at A=10 mm. The remnant of the foam
mixes with the liquid in the lower layer at frequencies of fN2 Hz.

The flow velocity in the lower liquid layer of these experiments are
presented in Fig. 7a1-a4. The velocity is calculated by particle image
velocimetry, which is an image-matching method widely used to ex-
tract shape, deformation, and motion measurements (Sutton et al.,
2009). The method has been applied to many laboratory experiments
(Sutton et al., 2009) and terrestrial photogrammetric problems
(Walter, 2011). We defined squared subsets of (2n+1)×(2n+1)
pixels, selected values were large enough to contain a distinctive inten-
sity pattern but small enough to achieve a sub-pixel level of accuracy,
and calculated the 2-dimensional offsets of the correlation peaks in
two subsequent images. Results are displayed in an image vector format
together with contour maps, and show the fluid velocity. Note that gray
regions do not always show the representative flow velocity inside the
foam. For instance, when the foam is opaque and the bubbles adhering
to the tankwall do not move, the calculated velocity is quite low even if
inside the foam is flowing. Similarly, the calculated velocity for a homo-
geneous fluid does not represent the flow velocity. In general, the calcu-
lated velocity is faster for larger displacement amplitudes and
frequencies, suggesting that a rapid and large deformation of the liquid
layer contributes to the foam collapse.

4.3.2. After the foam collapse
Fig. 6a5-a8 and b2 show the results of oscillations after the foam col-

lapse. Similar to Fig. 6a1-a4, the deformation amplitude of the interface
becomes larger for larger displacement amplitude. When A=20 mm



Fig. 9.Measured amplitude of the surface wave as a function of the calculated amplitude
by Eq. (5). Experiments performed with a liquid layer are denoted by plus and cross, in
which plus indicates that the sway reaches the roof of the tank. Other solid symbols are
the same as Table 2; circle is one layer of foam without particles, diamond is one layer
of foam with particles, triangle is foam layer without particles overlies a liquid layer, and
star is foam layer with particles overlies a liquid layer. The color of symbols represents
the liquid viscosity. The black line indicates the slope 1. We plot experiments with
frequencies of f/frb1.2. For one-layer experiments, we do not plot experiments without
a top free space.

Fig. 8. Measured maximum sway amplitudes of liquid layer experiments for each
condition as a function of the imposed frequency normalized by resonance frequency.
The resonance frequency is calculated by using Eq. (2). The color of symbols represent
the liquid viscosity (Table 2b). The plus and crosses indicate whether the sway reaches
the roof of the tank or not, respectively.
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and f=2 Hz, which is close to the resonance frequency of the liquid
layer, the mixing (dark) region is restricted to the right and left sides
of the tank, because the surface wave is a steady wave at this frequency
so that the vertical flow of the liquid is localized. In contrast, for f=3Hz,
the surface wave becomes a progressive wave andmixing occurs in the
entire layer. Fig. 6b2 shows that mixing reaches the deeper part of the
reservoir.

The calculated flow velocity for these experiments are shown in
Fig. 7a5–a8. Similar to Fig. 7a1–a4, the flow velocity becomes faster for
larger displacement amplitudes and frequencies. The velocity around
the interface is almost the same as when the foam is present under
the same displacement amplitude and frequencies. We thus conclude
that the existence of a foam does not affect the liquid flow significantly.

By varying someof the experimental conditions in other series of ex-
periments (Table 3c), we gathered that when the liquid viscosity of the
foam becomes larger and the bubble size is smaller, the foam collapse
becomes difficult. This result is consistent with that of a single foam
layer.
5. Summary of experimental results

Our experimental results show that a foam can collapse during
sloshing and remnant of the collapsed foammixes with the underlying
liquid layer. If these phenomena occur in a real magma reservoir, one
might speculate that the foam collapse can release volcanic gases and
trigger volcanic activities. The collapsed foammixing with the underly-
ing liquid can supply nucleation sites to prepare subsequent eruptions.

In order to apply our experimental results to real magma reservoirs,
we have to describe our experimental results with non-dimensional
numbers which are applicable to the real magma reservoirs. We infer
that foam collapse has two requirements 1) deformation of the whole
foam layer, and 2) rupture of the individual bubble films. This is because
foam collapse occurs in our experiments when sway amplitude is large
and large bubbles are surrounded by low-viscosity liquids.

We thus first derive a scaling law explaining the sway amplitudes
and test it with our experimental results in Section 5.1. Next, we intro-
duce two non-dimensional numbers in Sections 5.2.1 and 5.2.2. Using
two non-dimensional numbers, we make a regime diagram showing
the conditions for foam collapse and test it with our experimental re-
sults in Section 5.2.3.
5.1. A scaling law for the sway amplitude

5.1.1. Sway amplitude of liquid layers
Our experiments showed that the sway amplitude depends on the

imposed frequency, displacement amplitude, fluid thickness, and vis-
cosity. This is consistent with previous works (e.g., Faltinsen and
Timokha, 2009). In order to derive the scaling law, first we consider
the frequency dependence and then incorporate other parameters.

Fig. 8 summarizes the frequency dependence of the sway amplitude
measured for liquid layer experiments with respect to the normalized
frequency f/fr. Themaximum sway amplitude is observed when the im-
posed frequency is around the resonance frequency. This is consistent
with the widely known fact that resonance excites the fluid motion.
Fig. 8 also indicates that the dispersion law shown in Eq. (1) for an invis-
cid fluid and small sway amplitudes is valid in our experiments with
large viscosity liquid and sway amplitudes similarly to experiments
with a low viscosity foam (Sauret et al., 2015).

The sway amplitude is measured from the recorded video of the ex-
periments.When the sway does not reach the roof of the tank, wemea-
sured the sway amplitudes by averaging the upward and downward
deformation of the surface. In other cases, we measured the amplitude
from the downward deformation of the surface.

Here, our interest is in large sway amplitudes to originating foam
collapse. We thus focus on experiments with f/frb1.2 in the following.

Next, we consider the effect of other parameters. A horizontal oscil-
lation, x=Asin(ωt), originates both vertical and horizontal flow veloc-
ities and rises the fluid surface vertically (ζ), while viscous dissipation
tends to decrease the sway amplitude. From the energy balance with a
viscous damping parameter derived by Keulegan (1959), we obtained
an empirical equation to explain the measured sway amplitude excited
by imposed sinusoidal oscillation of the tank (Appendix A),

ζ � Aω2
ffiffiffi
h

p

g
ffiffiffiffiffiffiffi
η

ρ�ω

q� �1=2 λ=2ð Þ
2π

; ð5Þ

where ρ⁎=ρ is the density of oscillating layer, and we use λ~2l. Note,ffiffiffiffiffi
η
ρω

q
is a length scale of viscous dissipation (e.g., Keulegan, 1959;



Fig. 10. Regime diagram of the foam collapse as a function of strain and force ratio defined
by Eqs. (6) and (10). Solid andopen symbols indicate occurrence andno occurrence of foam
collapse, respectively. Other characteristics of symbols are the same as Table 2, in which
shapes indicate the foam types and color indicates the liquid viscosity of the lower layer.
Experiments in which the tank is fully filled with a single foam layer are excluded from
this figure. The black line indicates Fi=Fv ¼ ð ζ

h f
Þ� 9
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Landau and Lifshitz, 1987), so that Eq. (5) consists of ratios of accelera-
tions and square root of length scales.

We test Eq. (5) in Fig. 9. The cross and plus symbols indicate exper-
iments conductedwith a liquid layer. Fig. 9 shows that crosses and plus-
es are plotted on the black line. Here, the relative position of the camera
with respect to the fluid surface originates an uncertainty, so our mea-
surements include an error of a factor of about two. Therefore, we inter-
pret Fig. 9 as that the amplitudes of the surface waves as calculated by
Eq. (5) reproduce well the measured amplitude in the experiments
with one liquid layer.

Here, we only plot experiments with f/frb1.2, whose frequencies are
not significantly larger than the resonance frequency, because Eq. (5)
does not take into account the decreasing sway amplitude for f/frN1.2
as shown in Fig. 8. Fig. 9 also does not include experiments with small
top space (b30 mm), whose sway amplitudes are affected by the lack
of space at the top.

5.1.2. Sway amplitude of foam layers
In order to estimate the sway amplitude of a foam layer by using

Eq. (5), we should take into account the bubble fraction dependence
on the physical properties of foams. As a representative density, for
one foam layer experiments, the averaged foam density ρ⁎=ρ(1-ϕb)
may be appropriate. For two layer experiments, the density difference
between the liquid layer and the foam layer may affect the sway ampli-
tude,we thus assume ρ⁎=ρϕb. The viscosity of bubblyfluid depends on
shear rate. Without an estimate of the sway amplitude, we cannot ob-
tain shear rate as well as foam viscosity. Here, the foam viscosity varies
within one order of magnitude, and can be scaled with liquid viscosity,
(e.g., Mader et al., 2013). We thus use liquid viscosity as a reference. In
Eq. (5), the sway amplitude is not sensitive to density and viscosity,
ζ∝(ρ⁎/η)(1/4). An error of one order ofmagnitude in the estimate of vis-
cosity or density results in an error in the estimate of sway amplitude
less than a factor of two.

Calculated sway amplitudes are plotted in Fig. 9, solid circles, dia-
monds, triangles, and stars indicate experiments with a foam layer.
For two layer experiments the y-axis shows the measured fluctuation
of the interface. The measured fluctuations are smaller than the
predictions.

This discrepancy may be related to the opacity of the foam. In our
three dimensional experiments, we only can observe the deformation
of opaque foam close to the tank wall, and may underestimate the de-
formation. An alternative explanation is that, for the two layer experi-
ments, foam deformation needs an extra force which is not included
in Eq. (5). Indeed, it has been reported that a thick foam layer overlying
a low viscosity layer (η~10-3 Pa s) in a quasi-two dimensional tank re-
duces the sway amplitude (Sauret et al., 2015). Here, the bubbles close
to the tank walls have had a significant impact on the damping of
sloshing. In contrast, our experiments are conducted in a three dimen-
sional tank.

In order to identify the source of this discrepancy, we calculate the
flow velocity in Fig. 7, and find that the flow velocity around the inter-
face does not show a clear dependence on the existence of the foam.
This result suggests that the measured sway amplitude around the
wall is smaller than that inside the tank.We also note that the deformed
foam can collapse before reaching the estimated sway amplitude and
use the energy. We thus conclude that Eq. (5) explains some trends of
sway amplitude. In Fig. 9, the effect of particles is not obvious.

5.2. Non-dimensional foam collapse conditions

5.2.1. Strain of a foam layer
First, we consider the strain of a foam layer as a non-dimensional pa-

rameter. This idea is based on previous shear deformation experiments
(e.g., Namiki, 2012; Okumura et al., 2013). Under shear deformation,
foam collapse occurs when the strain in the foam exceeds a critical
value.
The strain originating in a foam by sway can be calculated as:

ζ
h f

; ð6Þ

where hf is the thickness of the foam; i.e., hf=h for the one layer foam
experiments, and hf=hupper for two layer experiments. Here we use ζ
defined in Eq. (5), so that Eq. (6) for foamswill be amaximumestimate.

5.2.2. Non-dimensional bubble strength
Next, we consider non-dimensional number describing the defor-

mation of a distinct bubble. In order to deform bubbles, the inertia
force acting on each bubble originated by the oscillations should exceed
the viscous resistance.

If an isolated bubble is surrounded by a uniform fluid, the inertia
force (Fi) acting on the bubble during a sinusoidal oscillation can be
written as (e.g., Housner, 1957):

Fi ¼ ΔρAω2 4
3
πR3

� �
; ð7Þ

where R is the bubble radius, Aω2 is the acceleration, and Δρ is the den-
sity difference between the fluid and gas inside the bubble. We here as-
sume that a homogeneous foam surrounds each bubble, so that Δρ=
ρ(1-ϕb).

The viscous force (Fv) to deform the membrane surrounding a bub-
ble can be written as:

Fv ¼ η fωδR; ð8Þ

where ηf is the viscosity of the liquid surrounding the bubbles, δ is the
thickness of the membrane surrounding the bubble with a length
scale of a bubble size. Assuming that bubbles of the same size are dis-
tributed uniformly in the foam, δ is estimated as

δ ¼ R
1

ϕ1=3
b

� 1

 !
: ð9Þ
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The ratio of these two forces becomes:

Fi
Fv

¼
4
3
πΔρAωR

η f ϕ�1=3
b � 1

� � : ð10Þ

Eq. (10) indicates that a foam with larger bubbles and a larger bub-
ble volume fraction in a less viscous liquid collapses more easily.

5.2.3. Regime diagram
We here test two non-dimensional numbers described in

Eqs. (6) and (10)with our experimental results. We plot the occurrence
of foam collapse in Fig. 10 using these two non-dimensional numbers.
When the foam thickness decreases more than approximately 5 mm
after the shaking, we classify the experiments as ‘collapse’.

Fig. 10 shows that when ζ/hfN1 and Fi/FvN1, foam collapse occurs.
Even for ζ/hfb1 foam collapse occurs, when Fi/Fv≫1. The black line of
Fi/Fv=(ζ/hf)-9/4, divides the regimes of foam collapse well, whose
slope may originate from the angular frequency dependence of ζ in
Eq. (5). We thus conclude that foam collapse is controlled by these
two non-dimensional numbers. Note that this scaling can explain the
collapse of foams in both a single-foam layer and a foam layer overlying
a liquid layer.

Despite that ζ/hf is a maximum estimate (Fig. 9), ζ/hf explains the
threshold well. Again, we infer that the foam is opaque and the defor-
mation of its inside is larger than that observed from the wall as we
discussed based on Fig. 7.

Fig. 10 also shows that the threshold of the foam collapse does not
depend on the presence of the particles. We infer that the particles
used in these experiments are sufficiently small not to make a density
anomaly to enhance the foam collapse by oscillation. Because of the
technical limitations of the shaking table, we could not conduct experi-
ments in the regime of ζ/hfN1 and Fi/Fvb1.

6. Implications for triggering of eruptions

In Section 5, we described the conditions for foam collapse by
sloshing in a regime diagram using two non-dimensional numbers
(Fig. 10). In this section, we apply our experimental results to natural
magma reservoirs. We first consider the geometries of reservoir
to resonate with seismic waves (Section 6.1). Next, we calculate possi-
ble strain of magma foams and strength of bubbles in magmas to
Fig. 11. Contour curves showing resonance frequencies (in Hz) of magma reservoirs as a
function of its height h and width l calculated by Eq. (2). Pink to blue region indicates
the higher to lower frequency range of seismic waves possibly excited by smaller and
larger earthquakes, respectively. Ordinal seismic waves N1 Hz do not resonate with
conduits or dikes wider than N0.5 m, suggesting that only large earthquakes can cause
sloshing. The red dashed line indicates h~ l. Green region indicates the dimensions of
magma reservoirs.
constrain the conditions for magma foam collapse (Section 6.2). We
then summarize the phenomena possibly occurring in magma reser-
voirs (Section 6.3). Finally, we apply our scaling to Mt. Fuji 1707 erup-
tion as a specific example (Section 6.4).

6.1. Resonance frequencies of magma reservoirs

While the details of the dynamics of sloshing are difficult to calculate
theoretically due tomany unknowns in natural volcanoes such as a con-
duit or reservoir geometry and density gradient within the magma res-
ervoir, it is possible to assess, based on simple scaling considerations.

The natural frequencies of sloshing for a fluid layer depend on the
ratio of the thickness and width of the layer (h/l). The analytical esti-
mates and experiments show that, for a rectangular and conduit-like
upright circular cylindrical tank, the resonance frequency increases
with the thickness of the fluid layer and approaches an asymptotical
value (Faltinsen and Timokha, 2009). This is because the resonance fre-
quency is determined by the ratio (c/l) of thewave propagation velocity
(c) and the width of the tank (l). For a thin fluid layer (h≪λ) the wave
velocity increases with its thickness ( c ¼

ffiffiffiffiffiffi
gh

p
), as discussed with

Eq. (3), but for a sufficiently thick layer (h≫λ) the wave velocity be-
comes independent from the fluid thickness (c ¼ ffiffiffiffiffiffi

gλ
p

) as discussed
with Eq. (4). For a constant width tank, the resonance frequency ap-
proaches an asymptotical value with increasing fluid thickness. This is
the condition in our experiments using fixed dimensions.

In Fig. 11, the fundamental mode of resonance frequencies of a rect-
angular magma reservoir is calculated by using Eq. (2) as a function of
various liquid thickness and reservoir widths. The tinted region indi-
cates the frequency ranges of seismic waves (e.g., Koketsu and
Miyake, 2008; Psimoulis et al., 2014). The frequency of 1 Hz is common-
ly observed while lower frequencies are observed only for larger earth-
quakes or soft ground regions. An extraordinarily large earthquake
(≥M 9) may excite seismic waves with lower frequency components
(b0.05 Hz).

Fig. 11 shows that vertically elongated magma reservoirs are likely
to resonate with seismic waves. A narrow volcanic conduit, lb10 m,
can resonate with seismic waves irrespective of its vertical extension.
The conduit diameter at active basaltic volcanoes is generally estimated
as several meters (e.g., Kazahaya et al., 1994; Burton et al., 2007), and
their height is greater than width. Magmas at shallow depth in such a
conduit can resonate with seismic waves with frequencies of 0.3 -
1 Hz. The fact that seismic waves with frequency components b1 Hz
can resonate with magma reservoirs is consistent with the observation
Fig. 12. Calculated sway amplitudes by Eq. (5) in a magma reservoir with a condition of
l~λ/2~h as a function of the ground velocity vg=Aω. A foam layer thinner than ζ can
collapse. The line color and thickness indicate the viscosity and conduit width,
respectively. The resonance frequency is calculated by Eq. (2) and l=1 m: 0.9 Hz, l=
10 m: 0.3 Hz, l=100 m: 0.09 Hz for each conduit width.



Fig. 13. Contour lines of Fi/Fv=1 calculated by Eq. (10). Above each line, foams can
collapse by oscillation of the magma reservoirs. Line color indicates the melt viscosity
of the foam. The line type shows the bubble fraction; solid and dotted line indicates
ϕb=0.6 and ϕb=0.8, respectively. The black lines are references for a bubble radius of
R~10-3 m, and a seismic wave velocity of 1 m s−1, respectively.
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that long-periodwaves aremore effective at triggering than comparable
amplitude short-period waves (Brodsky and Prejean, 2005).

Some magma reservoirs are shaped as horizontal sills. Typical hori-
zontal sizesmay be from a few hundreds of meters to tens of kilometers
(e.g., Marsh, 2015). For a horizontally elongated magma reservoir, a
width of l~200 m is a maximum scale to resonate with seismic waves.
An approximately rectangular or large cylindrical magma reservoir
whose horizontal size exceeds l≥1 km is usually difficult to resonate.
Therefore, resonance is to be more expected in conduit-like reservoirs
rather than in extended chambers.

When themagma reservoir has a shape of vertical disk or a spherical
chamber, the resonance frequency depends on the filling level (Mciver,
1989; Faltinsen and Timokha, 2009). This is because the length scale of
Fig. 14. A flow chart of a magma reservoir oscillation. When seismic waves strongly shake a m
sloshing can occur. If the energy supplied by the seismic waves is sufficiently large, the foam c
collapsed foam mixes with the underlying fresh magma layer to prepare following eruption.
free surface for wave propagation (l) becomes shorter for a fully filled
reservoir. Even a large chamberwith a size of l~1 kmat an intermediate
depth may be able to resonate with seismic waves, if its filling level is
high.

In a solidifyingmagma reservoir, phenocrysts exist in a silicatemelt.
If the magma is a crystal mush in which volume fraction of phenocrysts
are close to the random closed packing fraction, the crystal mush be-
haves like a solid (e.g., Mader et al., 2013) and then sloshing is unlikely
to occur. If a core with lower viscosity in the reservoir exists in a crystal
mush, it will likely oscillate by sloshing (Bachmann and Bergantz,
2008). We consider that the inertial effect of phenocrysts is negligible,
because the density contrast between the melt and phenocrysts is
smaller than that between the bubbles and melt, which is observed in
our experiments.

6.2. Conditions leading to magma foam collapse

Here, we estimate the possible sway amplitudes in a magma reser-
voir, and roughly estimate the conditions for foam collapse. In order to
calculate ζ defined in Eq. (5), we have to estimate ω and A.

For angular frequency ω, we use the resonance frequency ω=2πfr
defined in Eq. (2). If the magma reservoir has a vertically elongated
conduit-like shape, the sway occurs only in the shallow region. In this
case, the width of the conduit determines the wavelength of the sway,
in turn thewave length regulates the depth of theflow, so that l~λ/2~h.

The horizontal tank displacement (A) consists with the ground dis-
placement during real earthquakes. Ground motions are frequently
measured by velocity rather than displacement, and ground velocity is
estimated by vg=Aω. We thus calculate the sway amplitude (ζ) for ar-
bitrary ground displacement amplitudes (A), and plot it as a function of
ground velocity (vg).

In Fig. 12, the largest sway amplitude is obtained for the blue thick
line, suggesting that the sway amplitude becomes larger for less viscous
magmas in a larger reservoir. During a strong earthquake, the observed
velocity of the ground can exceed 1m s−1 (Koketsu andMiyake, 2008).
The viscosity of pre-eruptive basaltic melt is 1-103 Pa s (Takeuchi,
2015). For a strong ground motion with a velocity of 1 m s−1, basaltic
agma reservoir which has a space above a magma foam or have a density stratification,
ollapses. The foam collapse releases volcanic gas, which results in unusual degassing. The
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magma in a conduit several meters wide generates a sway amplitude of
1m. If a thin (b1m) foam layer exists above amelt layer, the foamplau-
sibly collapses. When the foam has large bubbles, a foam layer ζ/hfb1
can collapse (Fig. 10).

The foam strength is evaluated by Eq. (10) and depends on Aω,
which has a dimension of velocity. Again, we approximate the ground
velocity vg~Aω. Fig. 13 shows calculated thresholds of foam strength
Fi/Fv=1. When the liquid viscosity of the foam is sufficiently low
(ηfb10 Pa s) and the bubble size is sufficiently large (RN1 mm), a seis-
mic wave with large ground velocity vgN0.1 m s-1 may destroy the
foam. A bubble size of RN1 mm has been observed in erupted scoriae
(e.g., Mangan and Cashman, 1996; Lautze and Houghton, 2007).
Foams with more viscous magma can collapse when the bubbles are
larger and ground velocity of the seismic wave is faster. Note that
low-frequency seismic waves (periods of 10 to 30 s) possibly causing
triggered activities are more likely Love- and Rayleigh- surface waves
than body waves. The vertical component associated with Rayleigh
wavesmay also contribute to inducefluidmotion. Indeed, vertical shak-
ing also causes surface undulation known as Faraday instability
(e.g., Faraday, 1831; Bronfort and Caps, 2012).

6.3. Possible scenarios in magma reservoir

Wepresent a conceptualmodel illustrating the conditions necessary
for a magma reservoir to be affected by sloshing as well as the outcome
the process may have (Fig. 14).

Open conduits at volcanoes (e.g. lava lakes, summit conduits),which
contain low-viscosity magma with a free surface, or alternatively
magma reservoirs where a foam layer has accumulated below the
roof, are possible candidates for sloshing-induced degassing. The filling
fraction of the magma reservoir affects the sloshing dynamics signifi-
cantly. If a vacant space is present above the foam layer, the surface of
the foam undulates. Even when the magma reservoir is filled up, a lay-
ered structurewhere a foam layer overlies a densemelt layermay allow
sloshing. On the other hand, when themagma reservoir is filled up by a
uniform foam or a liquid layer, the fluid inside the tank does not move
(Fig. 4).

When sloshing occurs and the energy supplied by the seismic waves
is sufficiently large, the bubbles in the foam deform to be interconnect-
ed, and then foam collapses. The conditions required for the foam col-
lapse are summarized in Fig. 10. Low viscosity both for the foam and
dense layer favor foam collapse (Figs. 12 and 13). A seismic wave with
significant energy at the resonance frequency is efficient in originating
large sway amplitudes.

After foam collapse, some part of volcanic gases separate from the
surrounding melt and obtain mobility. At a top of an open conduit, a
foam collapse increases the injection of volcanic gases into the atmo-
sphere. Similarly, if a closed reservoir connects to the surface of the
earth by narrow cracks, in which the viscous foam cannot ascend, the
released gases from the foam can get through the crack to be fumaroles
because of their low viscosity. The escape of gases to the outside of the
reservoir decompresses the inside of the reservoir, stimulating further
volatile exsolution. If there exist sufficient amount of bubbles in the
melt, the exsolved volatiles diffuse into preexisting bubbles rather
than nucleate new bubbles, so that the bubble sizes increase. Given
that larger bubbles easily deform, bubble growth can cause further
foam collapses.

This could result in unusual outgassing (Cigolini et al., 2007; Walter
et al., 2009), which in turn enhances the heat flux (Harris and Ripepe,
2007; Donne et al., 2010). Indeed, the Overlook crater lava lake in Kilau-
ea shows transient outgassing bursts and weak explosive eruptions
after rockfalls (Orr et al., 2013; Carey et al., 2013) which likely excite
sloshing (Dawson and Chouet, 2014).

Foam collapse may also supply large bubbles into a conduit to origi-
nate gaseous eruptions such as Strombolian eruption (e.g., Jaupart and
Vergniolle, 1988). The ascending bubble inside a closed reservoir
increases pressure and may also trigger an increase of seismicity
(Linde et al., 1994; West et al., 2005).

When the shaking continues for long time after the collapse of a
foam layer, the remnant of the foam including phenocrysts and small
bubbles mixes with the lower layer. Once the lower layer is saturated
with volatiles, the bubbles and phenocrysts transported into the lower
layer provide new nucleation sites for additional exsolution of volatiles.
The following vesiculation pressurizes the inside reservoir to cause ad-
ditional volcanic activity, including eruptions. This mechanism takes
time and can explain delayed triggered eruptions. Mixing between the
injected hot basalt and overlying silicic magma has been frequently
pointed out as a trigger of a big eruption (e.g., Pallister et al., 1992;
Murphy et al., 2000). Usually, newly injected basalt is heavier than over-
lying silicicmagma. Themechanismofmixing is not obvious. Our exper-
iments show that a strong seismic wave can mix density stratified
magmas and favor vesiculation.

The duration of the oscillation also affects the occurrence of foam
collapse. In our experiments we impose oscillations for 10 s which is
shorter than the typical duration of strong ground motion
(e.g., Anderson, 2007). The oscillation duration of natural earthquakes
is likely long enough to collapse magmatic foams. This is especially
true for large earthquakes followed by aftershocks, which alsomay con-
tribute to elongate the oscillation duration. Also, the mechanical and
thermal softening of a volcano may lead to secondary earthquake and
enhance the resonance.

As we have discussed above, it is likely that magma foams collapse
by sloshing, and trigger eruptions. However, the causal link between a
triggering earthquake and a putative triggered response is always am-
biguous. Most proposed mechanisms for earthquake-volcano trigger-
ing, although physically rigorous, remain very speculative when
applied to specific cases, due to the difficulty to link univocally the com-
plexprocesses leading to an eruption to geophysicalmeasurements. The
magma reservoir sloshing we propose does not make exception. We
next estimate the possible parameter sets to consider whether the oc-
currence of sloshing can be recognized by observations.

A seismic wave at 0.5 Hz can resonate with a 3 m wide conduit
(Fig. 11). If we assume the amplitude of the seismic wave displacement
is 0.1 m, the velocity of the ground motion is 0.3 m s−1, which is a rea-
sonable assumption. Ground displacement amplitudes of about 0.1 m
may originate from the shaking due to an M 6.0 earthquake in the epi-
central region, anM 6.5 at 10 kmdistance or anM 7.5 at 100 km. If a ba-
saltic magma with a viscosity of 1 Pa s fills the conduit, the seismic
waves may cause a sway amplitude of 1 m (Fig. 12). If there exists a ba-
saltic foam layer whose thickness is 1 m, a bubble radius of 100 μm, a
bubble volume fraction is N0.6 and the surrounding melt viscosity is
1 Pa s, the foam collapses (Fig. 13). If the bubble radius is larger, thicker
foam layers can collapse (Fig. 10). These conditions can be easily
achieved at active basaltic volcanoes, but cannot for inactive volcanoes.

In this case, the sloshing energy is calculated as Ep~ρgζ2l2/
π~7×104 J by Eq. (13) in Appendix A, where we assume the density
of magma as 2500 kg m−3. Given that a M 0.0 earthquake releases an
energy of about 60 KJ, we see that the resonance could be measurable
if the source locates at shallow depth with a very good network. Of
course, thewaveswould not be very impulsive and the focalmechanism
(assuming that it could be calculated) would not be double couple but
complex, due to the sloshing hitting back and forth.

When the Rayleighwaves of a triggering earthquake reach a volcano
and cause resonance in a magma reservoir, this could be seen both by
broadband seismometers andhigh-frequency strainmeters.Wepredict
that around the sloshing frequency, the amplitude of oscillation would
increase over a few cycles in stations close to the upper volcano conduit,
or around the volcanic edifice if the reservoir is deep, while they would
just register the earthquake shaking at stations far away. Of course, the
seismic waves originated by the magma sloshing on the chamber or
conduit walls are quickly dissipated around it, so the stations need to
be very close to register the resonance. How close could be estimated



Fig. 15. (a) Schematic diagram of possible settings before the 1707 Mt. Fuji eruption. We
consider that high temperature basaltic magma with viscosity of 1 Pa s locates beneath
a dacite magma foam with a bubble volume fraction of 0.8 in a reservoir whose width is
l = 1 km. Resonance frequency of the magma reservoir calculated by Eq. (2) is 0.03 Hz.
(b) Foam collapse conditions, when a seismic wave with a displacement amplitude of
A = 1 m oscillates this reservoir as a function of foam thickness and bubble radius. The
color shows the liquid viscosity of the upper layer foam.
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by converting the sloshing energy in one cycle into seismic energy and
then into equivalent moment or magnitude.

In any case, to test the above flow chartwith real volcanoes,we need
to know the pre-eruptive conditions in the magma reservoir; i.e., melt
viscosity and bubble sizes. Especially, the shape of themagma reservoir
is a key parameter for sloshing but is not well constrained, usually.

6.4. An application to Mt. Fuji

Now, we apply our model to the 1707 Mt. Fuji Hoei eruption,
which occurred 49 days after the Hoei earthquake. Both eruption
and earthquake are well studied. Because of this short time interval
after the Hoei earthquake, a causal relation has been suggested,
(e.g., Yokoyama, 1971; Nakamura, 1975).

The Hoei eruption began with a Plinian eruption of dacite magma
and developed into a basaltic Plinian eruption, whichwas uncommonly
explosive as a basaltic eruption (e.g., Miyaji et al., 2011). Because of this
transition in magma composition, more than two magma sources and
their mixing has been suggested (e.g., Fujii et al., 2002; Kaneko et al.,
2010; Miyaji et al., 2011). During the transition, the SiO2 content
changed gradually and the measured bubble fraction in the pumices
and scoriae became low (Miyaji et al., 2011). Available seismic tomogra-
phies show two velocity anomalies below currentMt. Fuji. One is a low-
VP, low-VS and low-VP/VS anomaly at depths of 7–17 km in which deep
low-frequency earthquakes are observed, suggesting existence of fluids,
such as H2O and CO2. Another locates beneath it, a low-VP, low-VS and
high-VP/VS anomaly at depths of 15–25 km that may represent a zone
of basaltic partial melt (Nakamichi et al., 2007). This deeper anomaly
is also electrically conductive (Aizawa et al., 2004).

Based on these observations of the current state of Mt. Fuji, it has
been suggested that two vertically separated magma reservoirs existed
before the Hoei earthquake. The static stress changes associated with
the Hoei earthquake is estimated in which the normal stresses are re-
duced at shallow (b8 km) depth and increased at 20 km depth
(Chesley et al., 2012). As a result, basaltic magma located in the deeper
magma reservoir began ascending. An injection of basaltic magma into
the upper silicic magma reservoir caused magma mixing (Fujii et al.,
2002; Miyaji et al., 2011). Magma mixing associated with the Hoei
earthquake is also supported by the observation of plagioclase pheno-
crysts originated from dacite magma found in basaltic scoriae. Based
on the reverse zoning of MgO profiles in the plagioclase phenocrysts,
the time duration after the magma mixing until eruption is estimated
to be less than 49 days (Aruga et al., 2015).

However, a simple mixing cannot explain the observed low bubble
fraction during the compositional transition from dacite to basaltic
magmas (Miyaji et al., 2011). The silicic melt inclusions hosted by oliv-
ine phenocrysts in the scoriae suggest that basaltic magma coexisted
with silicic magma (Kaneko et al., 2010). In addition, the depth of the
magma chamber before the Hoei eruption is not necessarily the same
as the current ones.

We thus conjecture that sloshing might have taken place, according
to the following scenario (Fig. 15a). 1) Dacite magma was cooling in a
magma reservoir. Phenocrysts were growing so that the exsolved vola-
tileswere forming bubbles. Longwaiting times allowed bubbles to grow
large in sizewith a high gas volume fraction. 2) Hot basalticmagmawas
gradually injected beneath the bubbly dacite magma foam, creating a
density stratified structure. The melt viscosity of the dacite foam close
to the interfacewas reduced by the heating from the underlying basaltic
magma. 3) The Hoei earthquake shook the magma reservoir. The sway
of the interface between the basalt and dacite layer deformed the bub-
bles in the dacite foam layer, inducing foam collapse. Part of the col-
lapsed foam including the plagioclase phenocrysts and dissolved
volatiles mixed with the lower basaltic layer. The basaltic layer was in-
vaded by nucleation sites and the volatiles vesiculated. 4) The gas re-
leased from the collapsed foam ascended through the dacite layer,
pressurizing the magma reservoir (Steinberg et al., 1989; Sahagian
and Proussevitch, 1992; Pyle and Pyle, 1995). The newly nucleated bub-
bles in the basalt layer increased the volume of themagma in the reser-
voir. Lowered normal stress might have prompted the additional input
of basaltic magma. These effects and/or a strong aftershock eventually
triggered the eruption. 5) The magmas erupted out from the top of
the reservoir. First, un-deformed dacite foam erupted outwith high vol-
ume fraction of bubbles, next the collapsed dacite layer with a low bub-
ble fraction, and then an andesite magma which may be a mixed basalt
and dacite followed. Finally, an explosive eruption of basaltmagmawith
high bubble fraction occurred. This scenario is consistent with observa-
tions (Fujii et al., 2002; Kaneko et al., 2010; Miyaji et al., 2011).

In Fig. 15b,we estimate the possible parameters involved in this pro-
cess. The estimatedmagnitude of the Hoei earthquake has a wide range
fromM8.4 to close toM 9, but a recent estimate of tsunami heights sug-
gests approximately a M 9.0 earthquake (e.g., Furumura et al., 2011;
Ishibashi, 2004; Hyodo et al., 2014). Assuming M 9.0, the size of the
source region had an extent of ~ 400 km length and ~150 km width
and a slip displacement of 20m (Hyodo andHori, 2013). TheMt. Fuji lo-
cates at 350 km from the epicenter. Thus, the displacement amplitude of
the seismic wave at Mt. Fuji is estimated as the order of 1 m. Assuming
that the rupture of the fault travels 150 km at S wave velocity of
5 km s−1, the frequency of the waves could have been as low as
0.03 Hz which can resonate a large magma reservoir of 1 km size
(Fig. 11). The erupted volume of the Hoei eruption is estimated as
1.6 km3 (Miyaji et al., 2011). We assume that the newly injected basalt
is water rich and at high temperature (N1200 °C) so that the melt vis-
cosity is 1 Pa s. The lines in Fig. 15b show the combination of bubble ra-
dius and foam thickness to be Fi/Fv=(ζ/hf)(-9/4), the threshold of foam
collapse shown by the black line in Fig. 10. The difference of the line
color indicates the dacite viscosity. The typical pre-eruptive dacite vis-
cosity is 103-104 Pa s. Here, the silicatemelt viscosity is sensitive to tem-
perature rather than SiO2 content (Takeuchi, 2015). As discussed above,
the underlying hot basaltic magma heated up the overlying dacite
magma, lowering its viscosity to values of 102-103 Pa s. If the bubble ra-
dius in the foam layer is as large as 1mm,which is a reasonable assump-
tion, 10 m thick dacite foam layer could have collapsed.

Thus, sloshing-induced foam collapse and magma mixing can ex-
plain the characteristics of the Mt. Fuji Hoei eruption with a reasonable
combination of parameters.

7. Conclusions

We conducted shaking experiments of viscous liquid and foams to
simulate the sloshing in a magma reservoir induced by earthquakes.
Our experimental results show thatwhen there is a vacant space or den-
sity heterogeneities in the experimental tank, external oscillation in-
duces sway of the fluid. Resonance may occur depending on the fluid
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layer shape, with the sway amplitude becoming large around the reso-
nance frequencies. When the fluid inside the tank includes bubbles, the
sway of the fluidmay deform the bubbles until the bubble films rupture
and the foam collapses. The collapsed foammay mix with the underly-
ing liquid layer.

Based on our experimental results, we conclude that the parameters
critical for the plausibility of this process are: the geometry of the
magma reservoir or conduit, the density structure of themagmawithin
the reservoir or conduit, the gas bubble size and fraction in the foams,
and the melt viscosity. Seismic waves of frequency N 1 Hz are unlikely
to induce resonance, because they would require conduits of width
b0.5 m, which are thermally short-lived. Seismic waves with ~1 Hz
can collapse less viscous (b103 Pa s) basaltic magma foams with large
bubbles (1 mm) in a conduit with several meters width. In order to os-
cillate magmas in a larger reservoir, seismic waves with lower frequen-
cy typical of large earthquakes are required. Once a larger reservoir
without less internal obstructing walls resonates, the moving mass of
fluid may become large, resulting in a more severe sloshing.

The volcanic gas released from the collapsed foam can increase the
outgassing and heat flux, or may generate a large slug to cause
Strombolian eruption. Further oscillation mixes the collapsed foam
with the underlying melt layer to prepare a following eruption. These
experimental results are applied to natural systems and help to explain
the mechanism of triggered eruptions in a near field as well as far field.
Results are consistentwith the fact that only very feweruptions are trig-
gered and that only some volcanoes respond to large earthquakes. The
Hoei eruption of Mt. Fuji might be an example of a triggered eruption
by sloshing, and serve as a well-studied case example that is applicable
elsewhere as well.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2016.03.010.
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Appendix A. Sway amplitude

The elevation of the liquid surface ζ should be determined by the en-
ergy balance (Keulegan, 1959; Faltinsen and Timokha, 2009; Sauret
et al., 2015). During the sloshing, viscous dissipation reduces the sway
amplitude. This effect is defined theoretically and measured by the de-
crease of sway amplitude after an impulse excitation

_E
D E

� αωEp=π ð11Þ

where h _Ei is the energy dissipation over one cycle, and α indicates the
damping by viscous dissipation (Keulegan, 1959; Faltinsen and
Timokha, 2009).
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The potential flow energy within one wave length in a cycle of two-
dimensional flow is

Ep � ρgζ2
=k: ð13Þ
In our experiments, the fluid-filled tank is oscillated repeatedly.
Some part of the energy input dissipates to determine the sway ampli-
tude.

Et ∝ _E
D E

=ω ∝ αEp; ð14Þ

where the energy input by the tank oscillation in a cycle of two-
dimensional flow is

Et � ρA2ω2hl: ð15Þ

Assuming the thick fluid layer,
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In Eq. (5), we determined the prefactor 1/(2π) by the fitting the
experimental data.
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